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Abstract
The fundamental characteristics of the cryogenic single-component micro-nano solid nitrogen (SN2) particle production using
super adiabatic Laval nozzle and its application to the physical photo resist removal-cleaning technology are investigated by a new
type of integrated measurement coupled computational technique. As a result of present computation, it is found that high-speed
ultra-ﬁne SN2 particles are continuously generated due to the freezing of liquid nitrogen (LN2) droplets induced by rapid adiabatic
expansion of transonic subcooled two-phase nitrogen ﬂow passing through the Laval nozzle. Furthermore, the eﬀect of SN2 particle
diameter, injection velocity, and attack angle to the wafer substrate on resist removal-cleaning performance is investigated in detail
by integrated measurement coupled computational technique.
c© 2014 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the organizing committee of ICEC 25-ICMC 2014.
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1. Introduction
Thermal-ﬂuid mechanical high functionality of cryogenic ﬁne solid particles of micron to nano size has been
noted not only in the ﬁeld of ultra-high heat ﬂux cooling technology in application to high thermal emission devices
Ishimoto et al. (2012a), but also in the ﬁeld of non-aqueous physical nano-device cleaning technologies Ishimoto
et al. (2014). In order to make eﬀective use of the high performance of such cryogenic solid particles in the ﬁeld
of advanced nano technology, our laboratory has developed a new physical semiconductor cleaning method which
employs cryogenic spray Ishimoto et al. (2012b). Especially in recent years, with the progress of high aspect ratio
and ﬁne cantilever in semiconductor nano structures, the ultimate cleaning method without use of water is strongly
expected Narayanswami (1999); Lin et al. (2007); Choi et al. (2013); Hoon Kim et al. (2012); Okada et al. (2002);
Bae et al. (2010). Because of the capillary force due to the surface tension of water that remains in the structure in
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the process of drying, the ﬁne structure is deformed, ﬁnally causing collapse or adhesions Hattori (2014). By utilizing
high-speed micro-solid nitrogen spray, the complete chemical free, pure water free, dry type thermomechanical resist
removal-cleaning system could be developed. The developed system utilizes the micro-SN2 which consists of the
ﬁne solid nitrogen particle produced by the high-speed collision of subcooled liquid nitrogen and the cryogen through
two-ﬂuid nozzle. The photo resist can be removed and cleaned from wafer surface due to the interaction that the hard
particle impingement of inertial forces and the rapid thermal contraction eﬀect (thermomechanical eﬀect on the resist)
which is based on ultra-high heat ﬂux cooling eﬀect of cryogenic solid particle’s inherent characteristics accompany
with phase change. In the conventional method for solid nitrogen particle generation proposed by the authors Ishimoto
et al. (2014), the use of cryogenic gaseous helium were required as a refrigerant. However, since the helium is very
expensive and it is speciﬁed in the strategic material and its rarity, there is a serious problem of cost for use in the
cleaning process.
In order to overcome these problems, we have developed the newmicro-nano SN2 particle production method with-
out use of helium refrigerant by using super adiabatic Laval nozzle (converging-diverging nozzle). In this technique,
micro-nano SN2 particle is generated by adiabatic expansion of high-speed subcooled two-phase liquid nitrogen (LN2)
ﬂow. When the ﬂow was induced internal section of Laval nozzle, the subcooled LN2-gaseous nitrogen (GN2) ﬂow is
atomized and LN2 droplet is generated at the throat, and high-speed ultra-ﬁne SN2 particle is continuously generated
due to the freezing of LN2 droplet induced by rapid adiabatic expansion of transonic subcooled two-phase GN2 - LN2
ﬂow passing through the Laval nozzle. Furthermore, in our previous research Ishimoto et al. (2012a), the macroscopic
thermal characteristics of solid nitrogen (SN2) spray cooling performance has been partially made clear. However,
microscopic heat transfer and hydrodynamic behavior of single cryogenic SN2 particle impinging on heated substrate
have not been suﬃciently investigated. Therefore, we mainly focused on the microscopic thermal, hydrodynamic,
kinematic behavior of single ﬁne SN2 particle with phase change.
In the present study, the innovative characteristics of the cryogenic single-component micro-nano solid nitrogen
(SN2) particle production using Laval nozzle and its application to the physical resist removal-cleaning process are
investigated by a new type of integrated measurement coupled supercomputing technique. To elucidate the detailed
mechanism of micro-nano SN2 particle generation, integrated CFD (Computational Fluid Dynamics) analysis was
carried out to clarify the cryogenic particle heat transfer mechanism that is diﬃcult to obtain by conventional mea-
surement.
2. Numerical study
To elucidate the ultra-high heat ﬂux cooling heat transfer characteristics of a single micro-solid nitrogen (SN2)
particle, integrated CFD analysis was carried out to clarify the cryogenic solid particle heat transfer mechanism that
is diﬃcult to obtain by conventional measurement. In the present numerical formulation, a micro-SN2 particle is
assumed to be formed by a quite high-viscous LN2 droplet. The governing equations based on LES-VOF model are
written as follows.
The mass conservation equation for the SN2 particle phase is represented by
∂
∂t
(
ρ(lp)α(lp)
)
+ ∇ ·
(
ρ(lp)α(lp)v
)
= Γ(lp), (1)
where ρ is density, α is volume fraction, v is velocity vector and Γ is phase generation density. Subscript p denotes
the SN2 particle phase. Subscript (lp) denotes the high viscous liquid-solid particle phase. g denotes the gas phase.
⎧⎪⎪⎨⎪⎪⎩
Γ(lp) + Γg = 0 (2)
α(lp) + αg = 1,
Γg =
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
α(lp)ρ(lp)
tevap
T − Tsat
Tsat
T ≥ Tsat, Γg > 0
αgρg
tcond
T − Tsat
Tsat
T < Tsat, Γg < 0,
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in which Tsat is the saturation temperature for a given value of p, and where tevap and tcond are the characteristic times
associated with evaporation and condensation. Γg is assumed to be positive during evaporation.
The mass conservation equation for the gas phase is represented by
∂
∂t
(
αgρg
)
+ ∇ ·
(
αgρgvg
)
= Γg, (3)
The momentum equation for mixture phase is
∂ρv
∂t
+ ∇ · (ρvv) = −∇p + ∇ · τ + fS + ρg, (4)
where p is the absolute pressure, g is the gravitational force, τ is the viscous stress tensor, and fS represents the
surface tension forces which can be implemented as a continuum model.
The interface between the phases is simultaneously computed using a surface capturing methodology which em-
ploys the volume fraction of one of the phases (here taken to be liquid with solid) as an indicator function (VOF) to
identify the diﬀerent ﬂuids.
To take the eﬀect of the cryogenic thermal ﬁeld of a single SN2 particle ﬂow into account, the energy equation for
a combined liquid-solid and gas two-phase ﬂow is introduced as follows:
∑
k=(lp), g
ρcpk
[
∂αkT
∂t
+ ∇ · (αkvT )
]
=
∑
k=(lp), g
∇ · (αkλ(eﬀ)k∇T ) , (5)
λ(eﬀ)k denotes the eﬀective thermal conductivity in the two-phase ﬂuid. where T is the absolute temperature, cp is the
speciﬁc heat. In numerical integration, energy Eq. (5) is calculated by the combined form of the liquid-solid energy
equation and the gas phase energy equation.
2.1. Computational model and numerical conditions
To investigate eﬀective SN2 particle generation, momentum behavior and heat transfer mechanism, a computa-
tional domain and 3D-mesh for Laval nozzle which is used in present experiment was created. Fig. 1 depicts the
computational geometry and computational mesh expected by the present calculation. The computational domain has
the bounding box shape of 16.3 mm (Length) × 4.0 mm (Height) size mesh. As a compromise between computer
memory and accuracy, we chose to use 3.2M structured grid for computational domain in the present calculations.
The measurement data obtained by PIA-PTV were stored in a small database and the data was introduced into the
initial numerical condition of the micro-nano SN2 particulate ﬂow. For standard initial numerical conditions are based
on the measurement conditions in the present experiment.
2.2. Computational results of SN2 particle production through a Laval nozzle
Fig. 2 shows the computational result of the SN2-phase volume fraction proﬁle through the Laval nozzle. It is
numerically found that the atomization of LN2 droplet is induced by shear ﬂow between LN2 and gaseous nitrogen
(GN2) ﬂow. Sequentially, liquid to solid phase change is enhanced and SN2 particle is continuously created by LN2
droplet freezing. This physical process is due to the latent heat release based on the adiabatic expansion of subcooled
GN2 − LN2 transonic two-phase ﬂow just downstream of Laval nozzle throat section. When LN2 two-phase ﬂow is
continuously accelerated passing through the Laval nozzle, the pressure drops due to adiabatic expansion, then the
pressure to become under saturated vapor pressure. Furthermore, the subcooled state is continued for some time, rapid
SN2 particle solidiﬁcation is produced as a nucleation of LN2 droplet. Solidiﬁcation latent heat is released due to the
freezing of LN2 droplets. Since these phenomena give a similar eﬀect with a decrease of the nozzle cross-sectional
area, as a result, it appears as an eﬀect that to reduce the velocity and to increases the pressure locally.
2.3. Computational results of SN2 particle impingement behavior to wafer surface
In the next step, application of micro-SN2 particle impingement to semiconductor wafer cleaning technology was
conducted. Taking focus on microscopic phenomena of single SN2 particle impingement dynamics, particle-resist
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Fig. 1. Computational geometry and computational mesh of Laval nozzle for SN2 particle production
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Fig. 2. Instantaneous volume fraction α(lp) proﬁle of the single SN2 particle production process
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Fig. 4. Time dependent shear stress as a function of initial
particle attack angle
interaction characteristics accompanying with deformation behavior was clariﬁed. Fig. 3 shows the time dependent
shear stress τ as a function of initial single SN2 particle injection velocity vp(in). Where τ is the spatially averaged
shear stress value in the vicinity of interface region between the resist and Poly-Si, which is computationally obtained
by the averaged value of the several ﬁnite element cells above and below of the interface. The maximum value of the
average shear stress τ increases with increase in the initial particle velocity. The increase of τ is mainly caused by the
increase of particle’s impact force, namely by the increase of inertia due to the particle momentum. In the case of the
particle injection velocity is vp(in) = 80 m/s, the maximum shear stress becomes 1.5 times larger than that in the case
of vp(in) = 40 m/s. Namely, as vp(in) is doubled, maximum τ becomes 1.5 times increase. It is additionally found that
the required time to reach the peak value of τ is shortened with increase in vp(in) because the SN2 particle collision
time to the resist is reduced as vp(in) increases, the deformation rate of the resist is also increased. Furthermore, found
that the decreasing of τ from peak value is enhanced with increase in vp(in), because the resist element cells to reach
the yield stress is increased with increase in vp(in) and particle impact force.
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Fig. 4 shows the time dependent shear stress τ at SN2 particle impingement as a function of initial particle attack
angle θp(in). It is found that τ has the maximum peak value in the condition of θp(in) = 35 deg. Under this attack angle
condition, in the process of impact force reaches along the working direction from the particle contact point to the
Poly-Si interfacial tip portion, the impact force homogeneously propagates internal resist ﬁnite element cells. As a
result, since the interfacial shear stress between the resist and Poly-Si is increased, the most eﬀective θp(in) condition
for resist removal can be obtained.
3. Experimental study
When the ﬂow is induced in the internal section of the Laval nozzle, the subcooled LN2 - GN2 two-phase atomizing
ﬂow is formed and LN2 droplets are generated at the throat. High-speed ultra-ﬁne SN2 particles are continuously
generated due to the freezing of LN2 droplets induced by rapid adiabatic expansion of transonic subcooled two-phase
LN2 ﬂow passing through the throat section of the Laval nozzle. In the original approach, the continuous production
of micro-SN2 particles is achieved by using a single component gas (GN2) -liquid (LN2) two-phase ﬂow of subcooled
nitrogen through a Laval nozzle. Furthermore, to enhance the solid phase nucleation and the solid particle atomization,
an ultrasonic oscillator is attached to the tip side of nozzle, and to further enhance the SN2 particle atomization process,
a spiral device is used in the nozzle aperture. Micro-SN2 particles are almost homogeneously formed as ﬁne spray,
and particles with a diameter of less than 5.0 μm can be continuously produced. Ultrasonic atomization is operated
under a frequency of 45 kHz and an amplitude of 30 μm. As a result, the new two-phase Laval nozzle developed
in the present study is capable of continuously producing micro-SN2 particles with average atomizing velocity of
approximate vp = 120 m/s under conditions of a nozzle inlet GN2 pressure of pn(GN2) = 0.4 MPa, atmospheric
pressure in the nozzle aperture outlet section, and a pre-cooling condition of ambient temperature of surrounding SN2
particulate ﬂow.
3.1. Wafer sample used for cleaning experiment
For the wafer samples employed in the present experiment, stripping performance in the case of positive KrF
photoresist-coated poly-crystalline silicon/gate silicon oxide/silicon substrate was examined. These wafers were man-
ufactured as follows. Firstly, an 8-inch p-type silicon substrate was thermally oxidized and a 6-nm-thick gate silicon
oxide layer was deposited on the substrate. LPCVD (low pressure chemical vapor deposition) was employed to de-
posit a 150-nm- thick layer of poly-crystalline silicon on the gate oxide. An HMDS (Hexamethldisilazane) layer was
applied to the surface of the poly-Si to assist in adhesion of photoresist to the poly-Si, and then a photoresist layer
500 nm in thickness was formed over the HMDS layer with the use of a spin coater. The photoresist was patterned
using KrF eximer light at 193 nm. The gate length was 0.34 μm and the gate width was 10 μm. The poly-Si was
etched as a pattern by an inductively coupled plasma (ICP) etching system (silicon etch DPS, Applied Materials Inc.)
with HBr / O2 gas chemistries. Those wafers were cut into rectangular pieces approximately 5 mm × 5 mm.
3.2. Experimental results of wafer resist removal performance by micro-SN2 spray
Fig. 5 shows the experimental results of the resist removal-cleaning using micro-SN2 spray produced by the present
Laval nozzle method (SEM image). The resist could be eﬀectively removed and major contamination on the wafer
surface was also successfully removed. This improved resist removal-cleaning performance was the result of the
kinematic resist removal of extremely ﬁne (nano-order diameter size) SN2 particles. At current stage of technical
development, given the dilute SN2 particle number density condition, there is a little residual resist in the concave
portion of the wiring pattern. However, we succeeded in developing this single component cryogenic physical resist
removal-cleaning method without use of gaseous helium.
It was numerically and experimentally found that the hybrid interactive eﬀects of ﬂuid mechanical force by im-
pingement of a micro-SN2 particle and thermomechanical force due to ultra-high heat transfer characteristics con-
tribute to the resist removal-cleaning process. Especially, the eﬀect of ultra-high heat ﬂux cooling on the resist
removal performance due to the thermal contraction of resist material was investigated, and the eﬀect of ultrasonic
atomization of micro-SN2 particulate ﬂow on ultra-clean performance of the semiconductor wafer was newly found.
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Fig. 5. Experimental results of the resist removal-cleaning using micro-SN2 spray (SEM image)
Conclusion
The innovative characteristics of the cryogenic single-component micro-nano solid nitrogen SN2 particle produc-
tion using Laval nozzle and its application to the physical resist removal-cleaning process were investigated by a new
type of integrated measurement coupled computational technique. It was numerically found that the atomization of
LN2 droplet is induced by shear ﬂow between LN2 and GN2 ﬂow. Sequentially, liquid to solid phase change is en-
hanced and SN2 particle was continuously created by LN2 droplet freezing. This physical process was due to the latent
heat release based on the adiabatic expansion of subcooled GN2 − LN2 transonic two-phase ﬂow just downstream of
Laval nozzle throat section.
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